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Transpiration cooling is an active methodology in reducing surface heat flux for hypersonic

vehicles, which offers the possibility of reducing nose bluntness and therefore increasing

aerodynamic performance. This paper presents a numerical analysis of transpiration cooled

sharp leading edges made from ultra-high-temperature ceramics (UHTCs). The structural

integrity of a 10 mm radius wedge leading edge is investigated numerically with regard to

different coolant plenum geometries and pressurisation magnitudes. It is found that the close

spacing of individual plenum chambers reduces the stress in the material significantly and

provides the maximum possible coolant mass flux. An optimisation procedure of plenum

pressure distribution is carried out using an analytical description of the porous flow in the

leading edge. It is found that there exists an optimum plenum pressure that minimises the

probability of failure of the leading edge model. Nitrogen coolant requires less pressure than

Helium to reach this criterion and furthermore requires less pressure to displace the air

freestream and thus protect the leading edge from oxidation.

Nomenclature
Latin letters

𝐵𝑚 = mass blowing parameter

𝐵𝑛 = empirical parameter

𝑐 = mass fraction

𝑐𝑝 = specific heat
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𝐷 = diffusivity

𝐸 = Young’s modulus

𝐹 = blowing ratio

ℎ = enthalpy

ℎ𝑣 = volumetric heat transfer coefficient

𝑘 = thermal conductivity

𝐾𝐷 = Darcy permeability

𝐾𝐹 = Forchheimer permeability

¤𝑚 = mass flux

𝑀 = molecular weight

𝑁 = transformed arc-length

𝑛 = iteration parameter

𝑝 = pressure

𝑃𝑜𝐹 = probability of failure

¤𝑞 = heat flux

𝑟 = radius

𝑅𝑁 = Vehicle nose radius

Re = Reynolds number

Sc = Schmidt number

𝑠 = distance from injector

𝑇 = temperature

𝑡 = time
d𝑢𝑒
d𝑥 = velocity gradient

𝑣 = velocity

𝑉 = volume

𝑊 = width of injector

𝑤 = width of plenum

𝑌 = mole fraction

Greek letters

𝛼 = coefficient of thermal expansion

𝜖 = emissivity
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𝜂 = film effectiveness

𝜙 = porosity

𝜇 = dynamic viscosity

𝜈 = Poisson’s ratio

𝜌 = density

𝜎𝑐 = principal stress

𝜃 = cylinder angle

𝜉 = transformed 𝑥 variable

Ω = solid angle

Subscripts

𝑠 = solid material

𝑓 = fluid

𝑐 = coolant

𝑔 = external gas

𝑤 = wall / surface

𝑒 = boundary layer edge

∞ = freestream conditions

𝑟 = recovery conditions

𝑖 = injection conditions

∗ = evaluated at reference temperature 𝑇∗

inj = injected coolant

Air = freestream air

coolant = coolant species

stag = stagnation point

surface = surface condition

I. Introduction
Hypersonic vehicles are exposed to extreme surface heat fluxes due to the conversion of kinetic energy into internal

energy of their surrounding gas [1]. The bow shock in front of a vehicle compresses the freestream gas and leads to a

large increase in static pressure and temperature which in turn create large surface heat fluxes through convection. These

heat fluxes are driven by the magnitude of the temperature gradient at the vehicle’s surface, which become larger for a
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thinner boundary layer. For a cylindrical or spherical leading edge, the boundary layer can be regarded as self-similar,

i.e. the boundary layer thickness scales with the leading edge radius. Thus, a smaller leading edge radius leads to a

thinner boundary layer which also amplifies the heat transfer by creating a larger temperature gradient at the surface.

Many studies have produced analytical or semi-empirical correlations for this behaviour [2, 3].

The described effects are the reason why blunt bodies have been used historically for vehicles that travel at speeds

that would lead to exorbitant heat fluxes for sharp leading edges. This phenomenon creates a limited flight condition

corridor for slender vehicles with sharp leading edges. These vehicles have desirable aerodynamic characteristics,

such as better manoeuvrability and less drag, which makes them a sought after alternative to blunt bodies. Modern

materials are envisaged to enable the use of active cooling techniques to extend the operational flight conditions that

can be achieved with sharp leading edges [4–6]. This paper investigates the use of transpiration cooling as a means

to achieve this. Transpiration cooling is the passing of a relatively cool fluid through a porous external wall which

leads to a cooling of the vehicle [7, 8]. The convective heat transfer between coolant and porous material, the local

blockage of external hot gas reaching the surface, and the establishment of a protective film are the mechanisms that

reduce the net surface heat flux. The effectiveness and fundamental fluid mechanics of transpiration cooling have been

investigated in depth over the last few decades, building a strong case for the potential of an active cooling system [9–14].

However, very few flight missions have actually used the technique, as the complexity of the system is high and, by

virtue of being a thermal protection system, it represents a single point of failure. What transpiration cooling offers as a

unique benefit compared to other thermal protection systems, is shape stability and re-usability. The development of

modern high-temperature porous materials enables a new look into this unique advantage over other systems, through

employing hybrid manufacturing techniques to achieve complex geometric structures. The key factors are materials that

stay inert at extreme temperatures and retain sufficient mechanical strength at flight conditions. A schematic drawing of

a transpiration cooled leading edge is shown in Fig. 1.

This work focuses on one such option which employs ultra-high-temperature ceramics (UHTCs) as a material

choice due to their very high melting point, their isotropic properties, and their relatively stable material properties at

high temperatures. Modern manufacturing techniques, such as gelcasting, robocasting, and partial sintering enable a

large design space in terms of achievable geometries and material properties [15]. This makes these materials a strong

candidate for future transpiration cooled systems. The drawback of UHTCs is the vulnerability to oxidation at elevated

temperatures. In addition, an actively cooled leading edge is faced with a number of additional challenges: The large

gradients in surface pressure around the vehicle have a significant influence on the porous flow within the leading edge,

thus changing the mass injection distribution. Similarly, the large heat flux gradients require more mass injection at the

stagnation point, which complicates the porous flow inside the material even further. The heat flux distribution will also

change the local coolant viscosity in the material which affects the preferential flow path. Hence, the design of a real

system is faced with a highly coupled system between external aerodynamic properties, heat transfer, and porous flow.
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Even with these aspects considered, it begs the question how to introduce the coolant in a way that also retains maximum

structural integrity of the system and provides the required coolant injection. Previous system studies have focused on

the effectiveness in terms of heat flux mitigation or heat transfer within the vehicle structure [8, 16, 17]. However, the

coupled nature of a pressurised plenum, porous medium, thermal and mechanical stress, and external coolant film in a

high-enthalpy flow leads to a multi-physics problem which restricts the practical operational corridor for transpiration

cooled vehicles. The purpose of this work is to establish a methodology to assess the suitability of a design in this highly

coupled problem, and to identify principles that lead to favourable architectures. The plenum architecture, which is left

blank in Fig. 1, will be a particular focus of the current paper. A numerical methodology is described comprised of

simulations of the flow, porous medium, and mechanical and thermal stress of the vehicle structure. Results of different

canonical structural architectures are presented, where both external heat flux and plenum pressure are varied. These

results are analysed using a probabilistic failure model of the ultra-high-temperature ceramic structure.

Fig. 1 Schematic of transpiration cooled leading edge in hypersonic flow.

II. Simulation Methodology
The overall goal is to generate optimised cooling conditions for each case investigated in this study, and to then

determine the probability of structural failure for this optimised case. Geometries of consideration consist of cylindrically

blunted leading edges for two-dimensional wedge geometries. An example of such a geometry is shown in Fig. 2,

where the top half is shown, consisting of several plenums and a relatively thin porous injector. The analysis of the

leading edge system builds on a number of different numerical tools, owing to the high degree of coupling of the system.

Figure 3 shows an overview of the different tools used in this study and the spatial domains where they are employed. In

the following, each tool is described.
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Fig. 2 Half of example leading edge consisting of solid material (grey), porous material (blue) and several void
plenums (white).

A. PIRATE

PIRATE is a simulation tool designed for rapid system level studies of transpiration cooled structures. Inputs

to PIRATE are the flight velocity and altitude, the material and coolant properties, plenum pressure, and geometry.

The tool then determines the temperature distribution and coolant injection mass flux at the surface of the porous

medium. This is used either as a straightforward predictive simulation when a defined plenum pressure is given, or as an

optimisation tool where the plenum properties are adjusted in order to generate a required mass injection distribution to

keep the material temperature below a critical value. This strategy has been extensively used in Ref [17]. The simulation

output considered in this study is the coolant mass flux distribution along the leading edge surface. PIRATE is based on

semi-empirical correlations describing the external flow properties and uses a convolution approach to determine the

heat transfer within a porous medium. The detailed description and validation of the code is presented in Ref. [18].

PIRATE employs the Sutton-Graves stagnation point heat transfer correlation [19]

¤𝑞S−G, stag = 1.7415 · 10−4 ·
(
𝜌∞
𝑅𝑁

)0.5
· 𝑣3

∞ ·
(
1 − ℎsurface

ℎ∞

)
, (1)

with the free stream density, 𝜌∞, the free stream velocity, 𝑣∞, the nose radius, 𝑅𝑁 . The wall and free stream enthalpies,

ℎsurface, and, ℎ∞, are determined via a chemical equilibrium analysis using the respective pressure and temperature

values [20]. The off-stagnation point heat flux along the body is determined using the correlation developed by Lees [21].

Heat flux reduction due to film cooling effects downstream of injection locations is accounted for by utilising the models

of Kays et al. [2], Goldstein and Jabbari [7], Kutateladze [22], and Sellers [23]. The external pressure distribution at the

vehicle surface is calculated using post-shock chemical equilibrium and a Newtonian pressure distribution [1, 20]. The

detailed implementation is documented in [18].

The temperature inside the porous domain is calculated through a quasi one-dimensional approach with a correction
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for lateral heat transfer. The governing equations considered are the energy equations of the solid and fluid phase:

(1 − 𝜙) 𝜌𝑠𝑐𝑝,𝑠
𝜕𝑇𝑠

𝜕𝑡
= 𝑘𝑠 (1 − 𝜙) 𝜕

2𝑇𝑠

𝜕𝑥2 + 𝑘𝑠 (1 − 𝜙) 𝜕
2𝑇𝑠

𝜕𝑦2 + ℎ𝑣
(
𝑇 𝑓 − 𝑇𝑠

)
(2)

and

𝜙𝜌 𝑓 𝑐𝑝, 𝑓
𝜕𝑇 𝑓

𝜕𝑡
= 𝜙𝜌 𝑓 𝑐𝑝, 𝑓

𝑣 𝑓

𝜙

𝜕𝑇 𝑓

𝜕𝑦
+ ℎ𝑣

(
𝑇𝑠 − 𝑇 𝑓

)
, (3)

with (s) denoting the solid phase, (f) denoting the fluid phase, the thermal conductivity, 𝑘 , the porosity, 𝜙, the volumetric

heat transfer coefficient, ℎ𝑣 , the time, 𝑡, the in-depth location, 𝑦, measured from the surface, and the lateral location, 𝑥.

This formulation assumes one-dimensional flow, and two-dimensional heat transfer. The detailed implementation and

validation of this approach is documented in Ref. [16].

PIRATE utilises an impulse response convolution approach to solve Eqs. (2) and (3). The thermal boundary

condition at the vehicle surface is the net heat flux of aerodynamic heating and radiative cooling. The boundary

condition at the plenum side is the net heat flux of radiative cooling and reflected radiation inside the plenum [18].

A new addition to PIRATE used in this study is the incorporation of a model that accounts for the surface

concentration of coolant and freestream air respectively. The implementation of this model is described in the following.

1. Coolant wall concentration

Mass injection through a porous medium creates a coolant film at the vehicle’s surface that blocks external gas.

However, the momentum of the injected fluid is balanced by the diffusive flux of air through the film. This leads to finite

concentration of air at the vehicle’s surface, that cannot be eliminated completely. In Ref [24], a semi-empirical model

was established to describe this effect. The model is based on classical film theory and uses self-similar boundary layer

theory to derive parameters used in the correlation. The implicit equation

𝑐coolant,blowing = 1 −
𝐵𝑚𝑐coolant,blowing

exp
(
𝐵𝑚𝑐coolant,blowing

)
− 1

(4)

is used to determine the coolant mass fraction, 𝑐coolant,blowing at the vehicle stagnation point. The parameter 𝐵𝑚 is

calculated as

𝐵𝑚 =

√︄
8

𝜌𝑒𝜇𝑒
d𝑢𝑒
d𝑥

· 𝑆𝑐0.6
w,Air · ¤𝑚 ·

(
𝑀Air
𝑀inj

𝐷Air
𝐷inj

)0.75
(5)

with boundary layer edge viscosity 𝜇𝑒, density, 𝜌𝑒, velocity gradient, d𝑢𝑒
d𝑥 , Schmidt number, 𝑆𝑐w,Air, injection mass

flux, ¤𝑚, freestream molecular weight, 𝑀Air, coolant molecular weight, 𝑀inj, freestream diffusivity, 𝐷Air, and coolant

diffusivity, 𝐷inj.

The model is utilised to determine the air wall concentration as this is a critical parameter to assess the effectiveness
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of transpiration cooling as a means to protect the surface from oxidation. The presence of a film will also decrease the

amount of air present at the surface downstream of an injection point. In order to stay consistent with the convective

aspect of film cooling implemented in PIRATE, Kutateladze’s model is used for concentration as well. This model was

originally derived by assuming an instantaneous mixture of the injected coolant and an external boundary layer that

develops on the coolant film. The two mixed mass fluxes of coolant and external gas were then used to calculate an

average film temperature which was expressed as the film effectiveness 𝜂 [22]. The same derivation is used for the mass

fraction of the mixed film which reduces the correlation to

𝜂𝑐 =
1

0.33(4 + 𝜉)0.8 , 𝜉 =
𝑠from injector

𝐹 ·𝑊

(
Re𝑖

𝑓
𝜇𝑖
𝑓

𝜇∗

)−0.25
𝜌∗𝑔

𝜌𝑔
, 𝑅𝑒𝑖𝑓 =

𝜌𝑖
𝑓
𝑣𝑖
𝑓
𝑊

𝜇𝑖
𝑓

, (6)

with the distance along the vehicle’s surface from the injection point, 𝑠from injector, the streamwise length of the injector,

𝑊 , the blowing ratio, 𝐹, the dynamic viscosity, 𝜇, and the density 𝜌 [22]. Values denoted by (∗) are evaluated at the

temperature

𝑇∗ = 0.28𝑇𝑔 + 0.72𝑇𝑟 ,𝑔 (7)

and the values denoted by (𝑖) are evaluated at the injection temperature, 𝑇injected coolant. The calculated film effectiveness

downstream is then used as described in Ref [18] to calculate the local coolant mass fraction in the film 𝑐coolant,film.

Together with the local blowing effect, the combined mixed mass fraction from pre-existing film and local injection is

𝑐w,Air = (1 − 𝑐coolant,blowing) · (1 − 𝑐coolant,film) (8)

B. Darcy Flow Model

A simplified analytical model is used to calculate the flow in the porous domain of the leading edge which is

described in detail in Ref [25]. The model considers a two-dimensional incompressible Darcy flow through the porous

layer. With the boundary conditions of plenum pressure, impermeable sections and the external aerodynamic pressure

distribution, the mass flux through the porous material is calculated. The coolant injection velocity at the interface

between porous domain and external flowfield is determined via

𝑣𝑟 =
𝐵0
𝑟

−
𝑀∑︁
𝑛=1

2𝐵𝑛𝑁

𝑟𝑁+1 cos(𝑁𝜃) − 𝐾𝐷

𝜇

𝑀∑︁
𝑛=1

𝑁

𝑟
cos(𝑁𝜃) 2

𝑠

∫ 𝑠

0
𝑝𝑒 (𝜃) cos(𝑁𝜃) d𝜃, (9)

with 𝑁 = (𝜋 𝑛)/𝑠, arc length along the external surface, 𝑠, arc angle, 𝜃, radius, 𝑟, Darcy-permeability, 𝐾𝐷 , external

aerodynamic pressure distribution, 𝑝𝑒, and coefficients, 𝐵𝑛, which are based on the particular boundary conditions.
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C. Porous Flow Simulation - SLEDGE

The finite difference tool SLEDGE (Sharp Leading EDge GEometry solver) is used to simulate the flow in a porous

medium in steady state. The Darcy-Forchheimer equation for an isotropic medium, and the continuity equations are

solved numerically in two dimensions for a compressible fluid using

∇𝑝 = − 𝜇

𝐾𝐷

𝑣 − 𝜌

𝐾𝐹

𝑣2 (10)

∇𝜌𝑣 = 0 (11)

, with pressure 𝑝, Darcy coefficient 𝐾𝐷 , Forchheimer coefficient 𝐾𝐹 , viscosity 𝜇, density 𝜌, and bulk flow velocity 𝑣.

The ideal gas law is utilised as the corresponding equation of state [26].

An elliptic grid generation according to Anderson [27] is used to transform the two-dimensional Darcy Forchheimer,

and mass conservation equations into a Cartesian computational space, where they are solved using a second order finite

difference scheme. The boundary conditions include permeable and impermeable sections on the plenum side of the

porous domain, and a pressure distribution on the flow-facing side of the porous medium, which is based on the external

flow field. These boundary conditions are informed by the respective external flow conditions and the leading edge

architecture.

D. Thermo-mechanical simulation - COMSOL

The commercial multiphysics simulation software COMSOL is used to calculate steady state lateral heat conduction

and stress fields within the leading edge. The temperature dependence of material properties is also taken into account

by accounting for a 1 % decay for every 100 K difference from ambient conditions. The simulated temperature field is

used to determine the stresses induced by thermal expansion. In addition, the stress due to the pressurisation of internal

plenums or the external aerodynamic force is considered.

E. Structural Probability of Failure Model

A key problem in judging the adequateness of a design for ceramics is that not only the magnitude of the stresses

need to be considered but also the volume on which they act as both a large volume and a large stress increase the

likelihood that a large enough defect will be present for a crack to propagate. Therefore, finite element analysis to

determine maximum stress levels alone is insufficient and further post-processing is required to finally obtain a figure of

merit for the design. The methodology that has been chosen to achieve this is one that provides a probability of failure

for the design. To account for the three dimensional nature of the stress, a first approximation can be obtained using the

Barnett–Freudenthal approximation of treating the principal stresses as three independent cases the material needs to

survive, but for the final risk of failure the theory as developed by Batdorf is used, which gives the probability of failure
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as

𝑃𝑜𝐹 = 1 − exp
(
−

∫
𝑉

d𝑣
∫ ∞

0

Ω

4𝜋
d𝑁
d𝜎𝑐

d𝜎𝑐

)
(12)

where Ω is the solid angle of the orientations where the applied equivalent stress is higher than the stress for a crack

from the crack distribution 𝑁 to propagate [28]. Equation (12) is solved numerically by integrating the equation kernel

(based on the principal stress fields obtained through the COMSOL simulation) over the entire volume.

F. Optimisation Approach

The simulation and optimisation process employed to investigate the performance of leading edge geometries is

shown in Fig. 4, which shows input and output parameters of each step in the simulation methodology. The study

considers various different structural architectures featuring different thicknesses of porous material, and varying

numbers of plenums. In the following, the simulation steps are enumerated in more detail, and the individual simulation

tools are explained. The specific case shown here refers to the conditions summarised in Section III, considering a

geometry with a porous layer thickness of 1 mm, a plenum spacing of 0.4 mm, and with a Helium coolant injection.

Fig. 3 Tools used to simulate the leading edge.

1) A PIRATE simulation (see Section II.A) is carried out assuming a given flight condition with either Helium or

Nitrogen used as coolant. The simulation output is the required mass flux of injected coolant at each location of

the surface. The target parameter in this step is to keep the material temperature below 2300 K at every location

along the vehicle surface. An example of the required injection mass flux using Nitrogen is shown in Fig. 5. The

plot shows the optimised coolant mass flux distribution along the external circumference of the leading edge.

Surface length denotes the distance from the stagnation point to the edge of the porous injector piece, at which

point the mass flux drops to zero.
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Fig. 4 Flowchart for simulation and optimisation approach.

Fig. 5 Target injection mass flux along external surface.

2) The calculated mass flux distribution is the target of this next step, where each plenum pressure is tailored, such

that the overall distribution is replicated as closely as possible. For this purpose, the analytical description of

Darcy flows (see II.B), is used to optimise the plenum pressure in each individual plenum of a given geometrical

configuration. The individual plenum pressures are used as target variables of a non-linear optimisation algorithm

where the target mass flux (see Fig. 5) is calculated using the model detailed in Section II.B. An example of the

resulting plenum pressure distribution is shown in Fig. 6 with relation to the angle 𝜃 as defined in Fig. 2. The red

horizontal plateaus are the plenum pressures obtained by the optimisation procedure while the spaces in between,
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here labelled as ’impermeable’, represent the solid back structure. The plot shows local pressure at the backside

of the porous injector, which interfaces with the plenums. Although the optimisation process is of lower fidelity,

e.g. incompressible Darcy flow is assumed, the ability to use fast optimisation due to the analytical description

of the porous flowfield outweighs the lack of accuracy.

Fig. 6 Pressure at the plenum side from Darcy flow optimization. Red horizontal lines represent plenum
locations. By definition, the impermeable regions between plenums do not allow the passing of coolant into the
porous domain. However, these regions are still pressurised due to the lateral porous flow originating from
adjacent plenums.

3) The next step is a full finite element simulation (FE) of the two-dimensional porous flowfield inside the leading

edge. The determined plenum pressures from the previous step are used for internal boundary conditions. The

external pressure boundary condition is based on the flight condition and extracted from the PIRATE simulation.

This is a pressure distribution along the external surface of the vehicle. The FE simulation is carried out with

the in-house code SLEDGE which solves the compressible Darcy-Forchheimer equations (see Section II.C).

This provides a higher fidelity than the analytical Darcy flow description, as kinetic Forchheimer effects and

compressibility are taken into account. The simulation results in a coolant mass flux distribution at the surface of

the leading edge. An example of this is shown in Fig. 7.

4) The next step is to use this mass flux distribution as an input for another PIRATE simulation. The mass flux

distribution from step 1 is the ideal target condition, but it can never be fully achieved, as the finite plenum size

and the geometry of the porous domain are restricted. Thus, the best fit that can be achieved has to be used as an

input parameter to calculate the reduction in heat flux for a real case. This heat flux profile, shown in Fig. 8, is

determined through the PIRATE simulation and is subsequently used in the next step.

5) The calculated external heat flux, the external pressure distribution, and the internal plenum pressure distribution

are implemented as boundary conditions in a coupled thermo-mechanical COMSOL model (see Section II.D).

The model uses these inputs to calculate the two-dimensional distribution of temperature and principal stresses
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Fig. 7 Porous flowfield after SLEDGE finite element simulation. Left: pressure in bar. Right: Velocity
magnitude in m/s.

Fig. 8 Original heat flux distribution and cooled heat flux achieved after step 4) in the optimisation procedure
outlined in Section II.

in each cell. An example of the first principal stress field is shown in Fig. 9.

6) These stresses are used as input parameters in the probability of failure model (see Section II.E), which employs

the Barnett–Freudenthal approximation. The result of this model is an overall probability of failure at the

employed plenum pressure and coolant type condition.

The full optimisation procedure takes approximately 16 minutes on an Intel(R) Xeon(R) W-2265 CPU. In the following,

each simulation tool is described in greater detail.

III. Test Case
In this study, one flight condition with a velocity of 5.5 km/s at an altitude of 45 km, corresponding to a Mach

number of 16.85, is considered which results in a stagnation point heat flux of 7.6 MW/m2 and a Pitot pressure of

0.47 bar. The flight condition is relevant for boost-glide vehicles and falls within corridors previously investigated in
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Fig. 9 First principal stress (in Pa) in leading edge geometry.

hypersonic flight system studies [29–31]. The material is taken to be monolithic ZrB2 with the used material parameters

summarised in Table 1 for both porous and solid cases [32–34]. Due to the high stability of thermal and mechanical

properties of UHTCs at elevated temperature [35–37], it is assumed that these properties are constant throughout the

computational domain. The outer geometry under consideration is a blunt wedge with a full angle of 10 degrees and a

nose radius of 10 mm.

The geometries under consideration are shown schematically in Fig. 10. Each case consists of a solid (grey) leading

edge body with a porous layer (blue) at the external part of the leading edge near the stagnation point. Due to the

large heat flux magnitude in that region and the quick drop as the flow expands around the curved part of the leading

edge, cooling is only required close to the stagnation point. The focus of this investigation is how the coolant is best

introduced. The approach taken here is the employment of multiple plenum chambers located directly underneath the

porous layer. Nine different cooling architectures are investigated that feature different plenum widths and different

thicknesses of the porous layer between 0.4 mm and 2.8 mm. The lower boundary of these features is given by current

practical manufacturing limits [15]. Each of these geometries includes individual plenum chambers which are separated

by solid material that directly attaches to the backside of the porous surface layer. Although these separating walls

Table 1 Material properties of ZrB2 [32–34].

Property Porous Solid
𝜙 40 % 0 %
𝑘 28 W m−1 K−1 80 W m−1 K−1

𝑐𝑝 665 J kg−1 K−1 665 J kg−1 K−1

𝜌 3690 kg m−3 5830 kg m−3

𝐸 98 GPa 500 GPa
𝜈 0.15 0.15
𝐾𝐷 2.443 · 10−14 m2 0 m2

𝐾𝐹 8.855 · 10−8 m−1 0 m−1

𝜖 0.75 0.75
𝛼 7.6·10−6 K−1 7.6·10−6 K−1
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between plenums reduce the permeable surface area on the porous backside, they improve the structural integrity

significantly. The increased capability to use higher pressures due to the segmentation of the plenums far outweighs the

downside of a smaller porous area. The corner-radius of the plenum chambers has been set to 0.2 mm.

Fig. 10 Halves of leading edge geometries consisting of solid material (grey), porous material (blue) and void
plenums (white).

IV. Performance of Plenum Geometries
The first investigation in this study is concerned with the relative performance of different plenum geometries.

The investigation carried out in this section forgoes the optimisation approach detailed in Section II, i.e. only purely

predictive calculations are performed using pre-determined plenum pressure and heat flux conditions based on the flight

condition and material properties detailed in Section III. The external heat and pressure distributions imposed to the

external leading edge surface are based on the PIRATE simulation of the flight condition mentioned in Section III. A

major problem of UHTCs is the brittle failure that can occur if principal stresses get too high. Mechanical stress is

introduced due to thermal expansion causing thermal stress, and due to plenum pressurisation. Therefore, performance

is defined in terms of two metrics: A burst mass flux and a burst heat flux. The burst mass flux is the maximum coolant

mass flux that can be passed through the leading edge before the component reaches a probability of failure of 1 %. A
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higher burst mass flux is desirable as this enables the leading edge to consume more coolant and therefore mitigate

more external heat flux. In this section, the burst mass flux is determined in isolation of other effects and is purely

dependent on the plenum pressurisation and the external aerodynamic forces. In this calculation, a COMSOL model

(see Section II.D) is used where the plenum pressure is uniformly varied in magnitude and the respective principal stress

fields are used to calculate the overall probability of failure (see Section II.E). For each case, the plenum pressure is

converted into the corresponding coolant mass flux using a SLEDGE simulation (see Section II.C) of the porous domain.

The burst heat flux is defined as the heat flux magnitude, i.e. the stagnation point heat flux, that leads to a probability

of failure of 1 %. A larger heat flux will lead to larger thermal stresses which will result in a higher probability of

failure. A higher burst heat flux is obviously also desirable as this means that the particular architecture can withstand

higher thermal loads and requires therefore less cooling. As a first step, the PIRATE tool (see Section II.A) is used to

determine the aerodynamic heat flux distribution around the external surface of the leading edge. This distribution is

then scaled to different magnitudes and used as a boundary condition for a COMSOL model (see Section II.D), in which

the temperature and principal stress fields are calculated. The stress fields are subsequently used to determine the overall

probability of failure using the Barnett–Freudenthal method (see Section II.E) for each individual case. The thermal

loading case is also investigated in isolation in this study, i.e. without the effect of cooling or plenum pressurisation.

The reasoning for de-coupling the interplay between thermally induced and mechanically induced stress is to identify

whether certain types of geometries are prone to fail due to one of these aspects. A fully coupled analysis is conducted

in Section V.

Figure 11 shows an example of the first principal stress distribution for a purely thermal load with a stagnation point

heat flux magnitude of 7.6 MW/m2, and Figure 12 shows the first principal stress for a purely mechanical load of 20 bar

in each plenum. The resulting probability of failure of these models for a variation of loading cases is shown in Fig 13.

The respective burst mass- or heat flux is where the curves of each model cross the 1 % probability of failure level. It is

clear from this graph that some configurations perform much better than others, as the amount of allowable heat flux or

mass flux varies greatly from case to case, before the probability of failure becomes too large.

The resulting metrics are shown in more detail in Fig. 14 where a combination of plenum spacing and porous

thickness are investigated. The closest plenum spacing is best for relieving thermal expansion and thus can withstand

the largest heat flux value. Furthermore, it is shown that this geometry is also best for driving the largest mass flux

through the leading edge before failing. Thus, the 0.4 mm × 0.4 mm (width × thickness) geometry clearly emerges as

the best option. It is especially noteworthy that the geometries with larger porous thicknesses are worse in both metrics.

Thicker structures lead to a large increase in stress due to the very high stiffness of the material and hence increase

the probability of failure. Furthermore, a large influence of heat conduction is observed, where more material near

the leading edge, i.e. close plenum spacing, leads to a relief of thermal stresses due to the increased heat conduction

capability and therefore decreased thermal gradient. In the following, the closely spaced plenum geometry is taken
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Fig. 11 First principal stress due to thermal expansion for a purely thermal load with a stagnation point heat
flux magnitude of 7.6 MW/m2.

Fig. 12 First principal stress for a purely mechanical load of 20 bar in each plenum.
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Fig. 13 Probability of failure for different magnitudes of coolant mass flux (left) and external heat flux (right). 𝑡
stands for the porous thickness and 𝑤 stands for the plenum width.

Fig. 14 Burst heat flux (left) and burst mass flux (right) as a function of the plenum spacing and the porous
thickness.

forward and a more detailed analysis of its capability is employed.

V. Operational Corridor of Leading Edge
In this section, the methodology of an overall probability of failure is extended to account for the coupled effect of

transpiration cooling, thermal stress, heat flux mitigation, and plenum pressurisation. In addition, the spatial coolant

injection distribution is taken into account by optimising the pressure in each plenum. By taking the cooling effectiveness

of different gas mass fluxes into account, it is found that there exists an optimum operating plenum pressure that

minimizes the probability of failure. For this analysis, only the most promising geometries are employed, a plenum
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spacing of 0.4 mm with two porous layer thicknesses, 0.4 mm and 1 mm. The full procedure of the optimisation process

is described in Section II.

Four combinations are investigated: Nitrogen coolant with 0.4 mm porous thickness, Nitrogen coolant with 1 mm

porous thickness, Helium coolant with 0.4 mm porous thickness, Helium coolant with 1 mm porous thickness. The

resulting probability of failure for various plenum pressurisation cases is shown in Fig. 16 (left). An example of the

stress distribution for one of those cases is shown in Fig. 15.

Fig. 15 First principal stress due to thermal expansion and plenum pressurisation for Helium coolant with
maximum plenum pressure of 18.8 bar.

The probability of failure exhibits a minimum for all considered cases. For very low plenum pressures, insufficient

cooling occurs and thermal stress dominates. This leads to a high probability of failure. As plenum pressures rise, the

cooling efficiency increases, blocking more and more of the external heat flux. This reduces the thermal stress and

hence reduces the probability of failure. As the plenum pressure is further increased, it introduces larger mechanical

stresses which increase the overall probability of failure again. In between the thermal stress and mechanical stress

dominated regions is the "sweet spot" where the leading edge can be operated safely.

Figure 16 shows that Helium coolant generally requires higher pressures to reduce the heat flux sufficiently, so that

thermal stresses are mitigated. This is due to the low molecular weight of Helium which requires high pressures to

drive sufficient coolant mass flux. This downside is not outweighed by its superior cooling efficiency, which is mostly

driven by the large specific heat of Helium. Leading edges with a thinner porous layer show a wider operating space

where the probability of failure is low. This can be explained by the lower resistance for the coolant flow, i.e. lower
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plenum pressures are required to drive an adequate coolant mass flux leading to a reduction of the external net heat flux

into the structure. Therefore, lower plenum pressures are required for 𝑡 = 400 𝜇m to alleviate the thermal stress which

dominates failure at low plenum pressure regions. Fig. 16 (right) shows the maximum air mass fraction at the wall for

the same plenum pressure conditions which has been calculated using the methodology outlined in Section II.A.1. The

figure shows that Nitrogen requires much less driving pressure to reduce the air concentration to a negligible amount,

and thus preventing significant surface oxidation. Nitrogen has previously been identified as being superior to Helium in

terms of freestream air displacement [31].

Fig. 16 Overall probability of failure (left) and maximum air mass fraction at the wall (right) using different
coolants and porous thicknesses over plenum pressure magnitude.

Figure 17 gives a final comparison of all considered cases where the following assumptions have been made to

simplify data interpretation: a maximum permissible probability of failure of 1% is allowed, and a maximum surface air

mass fraction of 10−3 is allowed. The figure shows that in all cases, the minimum possible plenum pressure is dictated

by air reaching the surface. If not sufficiently displaced by coolant gas, this would lead to oxidation and hence failure of

the leading edge [31, 38]. The maximum possible plenum pressure is in a similar range for all studied geometries and

lies between approximately 50–65 bar. The failure mechanism is predominantly driven by the mechanical stress due

to plenum pressurisation. In conclusion, the best performing architecture is achieved by a thin porous layer utilising

nitrogen coolant.

VI. Conclusion
This paper presents a numerical analysis of transpiration cooled sharp leading edges made from ultra-high-

temperature ceramics. A number of simulation tools are employed that simulate the external aerodynamic effects with

mass injection (PIRATE), the compressible flow through porous media (SLEDGE), the thermo-mechanical structural

analysis (COMSOL), and a probabilistic structural model. The effect of catalytic heat flux reduction is taken into
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Fig. 17 Operational corridor for the considered cases, as a function of plenum pressure magnitude.

account by using empirical mixing correlations and a stagnation point injection model based on film theory. These

models are used to simulate the entirety of a leading edge of 10 mm nose radius with a wedge angle of 10 degrees in a

steady state flight at 45 km altitude and 5.5 km/s speed. Different plenum geometries are considered to introduce the

coolant into a porous layer at the vehicle’s surface. Plenum spacing and the thickness of the porous layer are varied and

it is found that the thinnest porous layer and the closest plenum spacing lead to the best performance. This geometry

provides the least susceptibility with regards to thermal stresses and can provide the largest coolant mass flux of all

investigated cases. This geometric configuration is used in a further optimisation procedure where the plenum pressures

inside the individual chambers are varied such that the optimal injection distribution at the vehicle’s surface is obtained.

The plenum pressure magnitude of this distribution is then varied and an overall probability of failure is calculated. It is

shown that there exists an optimal plenum pressurisation that minimises the probability of failure in the leading edge.

Furthermore, it is shown that the presence of freestream oxygen further restricts the operational corridor and limits

the minimum coolant mass flux and minimum plenum pressure. The results show that Nitrogen requires less plenum

pressure than Helium to achieve minimal probability of failure and offers a wider corridor of operability. In addition,

Nitrogen coolant achieves a lower air surface concentration than Helium for the same plenum pressure. This study

identified three key design aspects for transpiration cooled leading edges utilising ultra high temperature ceramics. 1)

The maximum number of plenums should be utilised, leading to the smallest possible individual plenum size. 2) The

minimum porous thickness should be used. 3) Nitrogen is a superior coolant fluid to Helium.
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